The low protein loading capacity of commercially available calcium phosphate (CaP) is a major impediment in effectively using this inorganic material as a protein carrier despite its recognized biocompatibility. In this study, nanocomposites of CaP and BSA were prepared by carefully designed precipitation methods in aqueous media. In the first co-precipitation method (CaP-BSA-1), calcium and phosphate precursors were simultaneously added to the protein solution matrix and in the second method (CaP-BSA-2) the protein solution was added after the reaction of the precursors. Crystallinity and phase composition of the resulting powders were determined using X-ray diffraction technique. Qualitative confirmation of presence of BSA on the nanocomposites, was obtained using mass spectrometry, ATR-FTIR and XPS. The results from desorption and thermogravimetric measurements indicated that BSA was trapped inside the cavities in the case of CaP-BSA-1 whereas it was mostly surface adsorbed in the case of CaP-BSA-2. Protein loading capacity of these composites was compared with various physical and chemical surface modification strategies used on commercially available calcium phosphate powders. Nanocomposite particulates were found to have about 275 % higher protein loading capacity as compared to a commercial CaP powder with same surface area. Overall, this study benchmarks the different techniques used for protein loading enhancement on inorganic materials.
Introduction
Protein adsorption on inorganic materials is a complex paradigm, which finds applications in various biomedical issues. Several attempts have been made in order to understand the different mechanisms controlling the protein adsorption on various materials. [1] [2] [3] [4] [5] Natural adsorption of proteins on inorganic materials can effectively be utilized to develop inorganic carrier-protein delivery systems. 6 Calcium phosphate (CaP) is highly suitable to use as inorganic carrier, due to its biocompatibility and resorbability. Surface modifications on commercially available CaP powders have been performed using physical and chemical methods to improve the protein adsorption capacity. These modifications demonstrated the physical parameters as well as the surface chemical groups affecting the loading capacity on β-tricalcium phosphate and hydroxyapatite. [7] [8] [9] [10] [11] A limitation of CaP powder as a carrier material is the particle agglomeration in aqueous suspensions. 12 This agglomeration mainly arises from charge neutrality on the particles in an aqueous suspension, which may hinder the possibility to test them in vivo due to size limitations. 13, 14 Possible solution to overcome the agglomeration problem is to make these particles charged in situ in order to give inherent electrostatic stability in aqueous medium. Bovine serum albumin (BSA) macromolecules are incorporated during the precipitation of the CaP particles, with a view to increase the inherent charge of CaP particles using the negative charge of BSA macromolecules in aqueous solution at neutral pH. It has been reported that proteins and amino acids can control the growth of CaP crystals [15] [16] [17] [18] [19] [20] and hence influence the size and crystallinity. This study discusses the potential of co-precipitated CaP-BSA nanocomposite particles to enhance the protein loading and simultaneously increase the stability of carrier-protein suspension. Three different CaP powders (includes control sample) were prepared using co-precipitation routes. The incorporated BSA was characterized both quantitatively and qualitatively. The potential of co-precipitation method has been represented by plotting developed CaP nanocomposites' protein loading capacity with respect to the estimated surface area. This was compared with protein loading on commercially Three types of CaP powders were obtained using coprecipitation methods. In the first case, CaP was precipitated within the BSA solution matrix (named as CaP-BSA-1) whereas in the second case the precipitation occurred before the addition of BSA solution (named as CaP-BSA-2). The third type of powder was prepared as a reference where the precipitation occurred in aqueous environment (named as CaP-0). The physico-chemical characteristics of these powders are different due to the various reaction matrices applied in these protocols. A general schematic of synthesis set-up is shown in figure 1 and step-by-step details are represented in scheme S1 (ESI). Detailed protocols are described as follows, Powder 1 (CaP-BSA-1) 1. 20 ml of 20 mg/ml BSA solution was taken in a 250 ml flat bottom conical flask. This solution was stirred using magnet (2 cm) at 250 rpm. All the solutions were at room temperature. 2. 40 ml of Ca(NO 3 ) 2 .4H 2 O (50 mM; pH 10.5) and (NH 4 ) 2 HPO 4 (30 mM; pH 9) was pumped simultaneously to the conical flask at 2 ml/min using a syringe pump (NE1000, ProSense BV (30mM) solutions were pumped simultaneously to a conical flask at 2 ml/min using the syringe pump, stirred at 250 rpm using a magnetic stirrer. All the solutions were at room temperature. 2. 20 ml of BSA solution (20 mg/ml) was added to the resulting suspension using a peristaltic pump at 4 ml/min (speed 9, Flocon 1000, Periflo) immediately after the end of reactants injection. 3. The resulting turbid white suspension was aged for 18 hrs while stirring at room temperature. 4. Washing and drying steps were carried out in the same way as mentioned for CaP-BSA-1.
Powder 3 (CaP-0)
This powder was prepared in a similar protocol as that of CaP-BSA-2, but in step 2, BSA solution was replaced with milliQ water.
Several parameters could be varied to control the precipitation reactions, such as concentration of the reactants, flow rate, temperature and precursor mixing speed, pH of precursors, etc. 4 , respectively. Both the pH adjustments were carried out using NH 4 OH and measured using a pH meter (SevenMulti, Mettler Toledo). The concentrations of the reactants were selected so that the Ca/P ratio = 1.67 (same as hydroxyapatite). The reactions were performed at room temperature (~23 °C) in order to avoid any denaturation of the BSA from higher temperature synthesis. 
Characterisation
The crystalline phases of the resulted powders were detected using X-ray diffraction technique (XRD; X'pert, PANalytical, The Netherlands) with a Cu-K α X-ray source (λ = 1.54056 Å). Surface morphology and elemental composition of the powders were recorded with a scanning electron microscope equipped with an energy dispersive spectrometer (SEM-EDS; JSM-6340F, Jeol, Japan). Particle size distributions of the powders were measured using laser diffraction technique (LS230, Beckman Coulter, USA). The suspensions used for particle size analysis were ultrasonicated using an ultrasonic horn (13 mm; Vibracell VCX600, Sonics & Materials Inc., U.S.A.). The ultrasonications were 20 s at 50% amplitude and alternating pulse of 1 s. Power of the US set up is 600 W. Due to the low sample amount, Krsorption was used to measure the specific surface area (SSA). The Kr-sorption measurement at -186 °C was determined using a Quantachrome Quadrasorb SI automated gas sorption system. Prior to the measurement, the sample CaP-0 was outgassed under vacuum during 48 h at a temperature of 150 °C. In the case of BSA containing powders, the degassing temperature was kept at 40 °C. The Brunauer-Emmet-Teller (BET) method was applied to calculate the apparent specific surface area (SSA). Bradford assay was used to quantify the BSA present in each case. Bradford reagent was mixed with BSA containing solution, according to manufacturer's protocol. Absorbance of the complex formed was measured at 595 nm using a UV-Visible spectrometer and the amount of BSA present was calculated from the calibration curve. The amount of BSA co-precipitated was calculated from the difference between the initial concentration and the supernatant concentration. Complementary quantification of the BSA was performed using thermogravimetric analysis (TGA; STA 449C, Netzsch, Germany). TGA measurements were performed by heating pre-weighted samples up to 1000 °C in dry air atmosphere, at a rate of 10 °C/min. Mass spectra (MS) were obtained online during the TGA measurements. Elemental analysis was performed on BSA incorporated samples using XPS (Thetaprobe, Thermo electron corporation, U.K.). Fourier transform infrared (FTIR) spectra of samples were recorded in attenuated total reflectance (ATR) mode using diamond crystal (Nicolet Nexus, Thermo electron corporation, U.S.A.).
Results and Discussion

Powder characterisation
The X-ray diffraction patterns are presented in figure 2 . In all these cases, the peaks were broad which indicates the small size of the particles. For this reason, it was difficult to assign only one phase between HA and CHA phases. The presence of CHA has been discussed subsequently. Figure 2 shows peaks of HA/CHA and calcium hydroxide for the powder CaP-0. Pattern of CaP-BSA-1 powder was very similar to that of CaP-0, but the peak intensities were lesser which could be due to the low amount of sample used. The CaP-BSA-2 powder showed resolved peaks of brushite phase in addition. A complete evaluation of the XRD spectra was not carried out since the focus of this study was to compare the protein loading strategies.
The crystallite sizes of HA/CHA phase were calculated using Scherrer formula (eq. 1). According to this formula, the mean crystallite size:
where K is a dimensionless shape factor with a typical value of 0.9; λ is the wavelength of X-ray used; β is the full width half maximum (FWHM) intensity measured in radians and θ is the Bragg angle. The peak chosen was at 2θ value 25.9°. The mean crystallite sizes calculated were 26.5, 21.9 and 22.5 nm for CaP-0, CaP-BSA-1 and CaP-BSA-2 respectively. These values should be considered as rough estimates, as the peaks were of low intensity which could affect the calculation due to the noise in the pattern. However, this indicates the inhibition tendency of BSA present in the case of CaP-BSA-1 and CaP-BSA-2 crystal growth. (Fig. 3 a, b ) strongly agglomerated to irregular shapes. Both the powders CaP-BSA-1 (Fig. 3 c, d ) and CaP-BSA-2 ( Fig. 3  e, f) Agglomeration was visible in dried forms, a known phenomenon for CaP prepared from aqueous suspensions. 23 However the softer agglomerates in case of CaP-BSA-1 and CaP-BSA-2 indicated their lower aggregation in colloidal state and hence higher stability.
Energy dispersive spectra of the synthesized powders are shown in ESI material (Fig. S1 ). The spectrum of CaP-0 (Fig.  S1a) showed characteristic peaks of calcium, phosphor, oxygen and carbon. The presence of carbon could be attributed to the carbonated phase present in the powder, as seen in the XRD spectra.
The spectra from CaP co-precipitated with BSA ( Fig. S1 b, c) showed peaks of carbon, oxygen, calcium and phosphor in the structure. The carbon peak intensity is much higher for these samples whereas the calcium and phosphor peak intensity was reduced as compared to the spectrum of CaP-0. These details could be attributed to the presence of co-precipitated BSA. Figure 4 shows the particle size characterisation results. The particle number distribution CaP-BSA-1 reveals that the major portion of the resulting powder is submicron sized and majority of the particle population is below 200 nm. The number distribution of CaP-BSA-2 is relatively narrow as compared to CaP-BSA-1. Again, it was largely contributed by particles with size less than 200 nm. In both the cases, maxima of number distribution curves are approximately 70 nm. These results confirm the softness of the agglomerates observed by SEM-EDS. The SSA of prepared powders was measured using Krsorption method. The SSA measurement of CaP-0 powder yielded a value of 84 m² g -1 . The Kr-sorption measurements could not be completed on CaP powders co-precipitated with BSA. One possible reason is that the SSA of these powders is less than the lower detection limit of Krypton adsorption at 87 K. The lower limit of the sample cell is 0.2 m², which corresponds to an SSA < 2 m² g -1 for 0.1 g powder sample measured. However, this is highly unlikely considering the nano-size of these particles. Thus it can be imagined that these powders are incorporated in a BSA matrix which is not accessible for Kr gas molecules. This reasoning is supported by the successful Kr adsorption on the powder prepared without BSA (CaP-0).
BSA loading
The yield of powders produced was estimated using gravimetric method. After the two washing and re-dispersion in milliQ water (the suspension volume before and after washing were the same), 20 ml of powder suspension was taken in a 250 ml pre-weighed glass beaker. The suspension was weighed and then dried in air at 40 °C during 5 days to remove the water content. The beaker containing dry powder was weighed to calculate the amount of powder as well as the volume of water evaporated. This gave an estimate of powder present per ml of the suspension. From the calculated amount of powders produced and the remaining BSA after the washing step, the amount of BSA coprecipitated was calculated.
BSA co-precipitated per gram of CaP-BSA-1 = 316 mg BSA co-precipitated per gram of CaP-BSA-2 = 299 mg Complementary to the above quantification, TGA shows the weight loss as a function of temperature from which the amount of incorporated BSA can be calculated. An on-line MS measurement helps to determine the gases released during the TGA. The weight loss curve of the CaP-0 powder (Fig. 5a) shows an initial three stage weight loss between 30 -200 °C, with DTG maxima at 80, 140 and 195 °C. This corresponds to the loss of loosely and strongly adsorbed water. Further a gradual decrease in the TG curve is observed until 400 °C, which is attributed to the release of lattice water. 24 Additionally, the water released during the decomposition of Ca(OH) 2 phase (as detected by XRD) of CaP-0 can be attributed to the DTG maximum at 430 °C. 25 The final small mass loss with a DTG maximum at 544 °C is attributed to the release of CO 2 due to the initial decomposition of phases containing amorphous carbonate. This can be confirmed from the XRD results (Fig. 2) , which showed the presence of carbonated phases of HA present in this powder.
For powders co-precipitated with BSA, desorption of surface water was observed at a DTG maxima approximately around 100 -150 °C (Fig. 5b, Fig. 5c ). A higher weight loss was detected for both the powders in the temperature range 200 -500 °C. There are three DTG maxima visible in this temperature range. Compared to the corresponding MS (Fig.  5d, Fig. 5e ), this weight loss can be assigned to the oxidation and thermal decomposition of incorporated BSA with the release of CO 2 (m/z=44), H 2 O (m/z=18), NO 2 (m/z=46), NO and/or amines (m/z=30) and SO 2 (m/z=64), which are overlapped with the decomposition of amorphous phases of the CaP powder. The SO 2 release comes from the sulphur content of the BSA which is not observed in the MS of CaP-0. Another major weight loss is observed on both of these powders in the temperature range 500 -700 °C. There is a final small percentage weight loss at around 800 °C, in these powders. Only CO 2 release is observed in the corresponding MS, which is attributed to the release of CO 2 from the decomposition of crystalline carbonated HA.
In general, all the DTG maxima of CaP-BSA-1 are shifted to higher temperatures as compared to that of CaP-BSA-2. One possible reason is the difference in preparation protocols of these powders, which results in different crystallinity of the phases or differences in the microstructural matrix of the samples. In the case of CaP-BSA-1, BSA could be hypothesised as trapped inside the interstitial pores of CaP particulates (Scheme 2) and hence with stronger bond with CaP. On the other hand, the CaP-BSA-2 will have the BSA adsorbed on the outer surface of the CaP since the nucleation takes place before addition of BSA solution. Thus it can be inferred from the TGA spectra that a surface adsorbed BSA (CaP-BSA-2) will have complete combustion at lower temperature as compared to that trapped within the structure of CaP (CaP-BSA-1). The differences in weight loss with respect to CaP-0 were 33.7 and 29.2 % for CaP-BSA-1 and CaP-BSA-2, respectively. These values are in good agreement with the photometric quantification of adsorbed BSA using Bradford assay. From the results discussed above, it can be concluded that the BSA loading to the CaP powder could be increased significantly by the selected synthesis routes. A general comparison of the developed synthesize routes to the adsorption on commercially available CaP powders, is given in the following sub-section.
In order to further evaluate the BSA detected using TGA-MS, XPS analysis was performed on the BSA containing samples. The results (Table 2) verified the presence of BSA from the high atomic percentage of nitrogen detected. The amount of nitrogen detected was higher in the case of CaP-BSA-1, which is in agreement with the TGA and Bradford assay results. Reduction in the atomic percentage of calcium and phosphor is an indication of CaP incorporated inside the BSA matrix in these co-precipitated powders. This observation strengthens the non-adsorption of Kr during SSA measurements. ATR-FTIR was applied on the synthesized powders for qualitative analyses of both the CaP and BSA present in the coprecipitated powders. Figure 6 shows the spectra of all three powders. From the XRD results, the presence of carbonated apatite (CHA) was noted. In general, CHA is classified according to the carbonate substitution sites. In type-A CHA, the carbonate ions occupies the OH sites; in type-B CHA, they occupy the PO 4 sites and in type-AB they occupy in both sites. 26, 27 For carbonates, IR bands between 1540 -1420 cm -1 corresponds to the in-plane asymmetric stretch vibration mode and the band within 880 -870 cm -1 corresponds to the out-of-plane bending mode. 26 In case of CaP-0, only one weak band is visible at 1457 cm -1 within the in-plane asymmetric stretch region. However the band at 870 cm-1 indicates the presence of type-B CHA present in CaP-0. 26, 27 In addition, the bands at 3570 and 629 cm -1 are assigned to the OH group.
Thus it can be concluded that the CHA phase present is not type-A. However the OH groups are also present in the calcium hydroxide phase recognized in the XRD spectra. Thus in combination with the XRD results, the CHA phase present in CaP-0 can be assumed as type-AB CHA. The band at 1653 cm -1 was assigned to the surface adsorbed water. The IR bands marked between 1200 -900 cm -1 and between 605 -475 cm -1 are characteristic phosphate group bands. 4, 28 For the powder co-precipitated with BSA ( Fig. 6 inset) , the characteristic bands of BSA was present in the form of amide and carboxyl group vibrations. The bands at 1644, 1530 and 1394 cm-1 corresponds to the amide I, II and III vibrations respectively. The band at 1450 cm-1 was assigned to the carboxyl group vibration and the bands in the region 3000 -2800 cm -1 are characteristic of the alkane chains of BSA. A sedimentation test (visual examination) was done on CaP-BSA-2 to check the stability of the suspension. A part of the freshly prepared suspension after washing was taken in a glass test tube and kept stationary. The liquid column stayed turbid up to 4 h with minimal sedimentation whereas a suspension containing BSA adsorbed on the commercial HA powder sedimented completely within 30 min. This is indicative of the higher stability of co-precipitated CaP-BSA powders.
Results from the desorption measurements (Table 1) and TGA (Fig. 5) indicate that BSA is trapped inside the cavities in the case of CaP-BSA-1 whereas it is mostly surface adsorbed in the case of CaP-BSA-2. Combining the results discussed above and the model reported by Combes and Rey 30 on the nucleation and growth process of calcium phosphate in the presence of protein, the nanocomposites prepared in this study can be visualised to have two types of protein loading. This is represented in scheme 1.
Scheme 1 Hypothetical representation of the BSA loading in the case of (a) CaP-BSA-1 and (b) CaP-BSA-2.
Comparison of protein loading strategies
From the results published in our previous studies and additional experiments performed in this study, an overview of the BSA adsorption with respect to various surface modification routes applied on the commercial CaP powders is shown in figure 7 (refer ESI for properties of commercial powders used). A global comparison of all the commercial powders used in this and earlier studies, to the synthesized CaP nanocomposites is marked in figure 7 . The initial BSA concentration used was 10 mg ml -1 for commercial powders, whereas 4 mg ml -1 was present during the co-precipitation.
The adsorption capacity reached up to 300 mg g -1 for coprecipitated powders. The amounts of BSA incorporated with the nano CaP-BSA composites were approximately 275 % higher than that on a commercial powder of SSA = 84 m 2 g -1
(comparative estimation). The linear relation between protein adsorption and the SSA was no more applicable to the coprecipitated powders. A possible explanation can be that the protein could interact with more active surface of CaP nanocomposites. Thus the co-precipitation method proves to be more advantageous over the physical and chemical processing methods, if the phase purity is not an issue. However, various optimisation procedures for the phase purity, crystallinity and dissolution are recommended in line with their effect in the biological systems. 
Conclusions
This study explored the potential use of CaP-BSA coprecipitation method to prepare CaP powder with high protein loading capacity. Two types of co-precipitated CaP-BSA composites were successfully achieved by the in situ aqueous non-thermal synthesis route. These composite powders showed different phase compositions but similar particle morphology. The BSA is either incorporated (CaP-BSA-1) or adsorbed (CaP-BSA-2) during the co-precipitation. These powders could be considered as nano-composites, as the major population of the number distributions were within 100 nm. A high loading capacity was observed in both the powders. Also the stability of these nanocomposite suspensions improved considerably over similar concentration suspensions made from commercial powders. The nanocomposites prepared in this study via co-precipitation method can be considered as an adaptable example for variety of proteininorganic material systems which require higher protein loading and better stability as an aqueous formulation.
